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Heterogeneity of insulin responses: phases leading to 
Type 2 (non-insulin-dependent) diabetes meUitus in the rhesus monkey 
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Summary. To determine the natural history of the develop- 
ment of Type2 (non-insulin-dependent) diabetes mellitus, 
basal plasma insulin and glucose levels and responses to intra- 
venous glucose tolerance tests were determined over a period 
of 6 years in 42 adult male rhesus monkeys (Macaca mulatta). 
Among the 28 obese monkeys (percent body fat > 22%) over 
the age of 10 years, 9 developed overt Type 2 diabetes (fasting 
plasma glucose, > 7.8 mmol/1, and reduced glucose disap- 
pearance rates, I¢~ < 1.5), and 14 monkeys have shown pro- 
gressive changes which suggest that they may also become 
diabetic. Application of a highly constant antecedent diet and 
a consistent 16-h fast minimized experimental variability, and 
permitted the identification of 8 phases in the progression 
from normal lean young adult to overt Type 2 diabetes. The 
earliest changes which could be detected were a slight in- 

crease followed by a progressive rise in fasting plasma insulin 
levels and an increased insulin secretion in response to a glu- 
cose stimulus. These events preceded by several years the on- 
set of a gradual deterioration of glucose tolerance, We found 
that hyper-, normo-, or hypoinsulinaemia could be associated 
with normoglycaemia or varying degrees of hyperglycaemia; 
however, the prospective longitudinal study of individual 
monkeys clearly identified this apparent heterogeneity of 
plasma insulin and glucose levels as reflecting sequential 
changes in a continuum of events preceding or accompanying 
the development of impaired glucose tolerance and Type 2 
diabetes mellitus. 

Keywords: Rhesus monkeys, Macaca mulatta, obesity, glu- 
cose tolerance, hyperinsulinaemia, hyperglycaemia. 

Type 2 diabetes mellitus has occasionally been reported 
to develop spontaneously in some adult rhesus mon- 
keys [1-3]. These previous case reports provide evi- 
dence of  similarities between the spontaneously occur- 
ring diabetes of  non-human primates and Type2 
diabetes observed in humans.  The adult-onset diabetes 
o f  rhesus monkeys (Macaca mulatta) is characterized by 
the classical clinical signs of  polydipsia, polyuria, gly- 
cosuria, polyphagia,  and, at advanced stages, loss of  
weight. 

Observations of  the progression of  a few lean mon- 
keys to an obese overtly diabetic state led us to hypoth- 
esize that some of  the apparent  heterogeneity in glucose 
and insulin responses seen in both  humans and mon- 
keys could be evidence of  a cont inuum of  events pre- 
ceding the onset of  diabetes. We therefore initiated this 
study of  42 adult male rhesus monkeys. Over a period 
of  6 years, 9 developed overt Type 2 diabetes, and 14 
have shown transitions across various phases in the de- 
velopment  of  impaired glucose tolerance and the pro- 
gression toward overt diabetes which suggest that they 
may also become diabetic. Substantive evidence is pre- 

sented to indicate that much, al though not all, o f  the 
previously observed heterogeneity of  Type 2 diabetes 
may represent a long series of  phases in the time course 
of  its development.  

Materials and methods 

Animals 

Forty-two male rhesus monkeys (Macaca mulatta) have been studied 
over a period of 3 to 6 years. Subjects ranged in age from 3 to 28 years 
and weighed 5 to 31.7 kg. All have been reared and maintained under 
laboratory conditions. They have always been housed in individual 
stainless steel primate cages under a 12-h light-dark cycle (lights on at 
06.00 hours), with environmental temperature maintained at approxi- 
mately 22 °C. At the initiation of this study 28 of the 42 monkeys were 
spontaneously obese, with percent body fat greater than 22%, and all 
of those were over the age of 10. The monkeys have been maintained 
in accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals and all protocols have been re- 
viewed and approved by the university animal care and use commit- 
tee. 
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Diets 

The monkeys have been provided with ad libitum access to either 
monkey chow (Purina, St. Louis, Mo, USA, 15% protein, 59% carbo- 
hydrate, and 26% fat), or a complete liquid diet (Ensure, Ross Labora- 
tories, Inc. Columbus, Ohio, USA, 14% protein, 54.5% carbohydrate 
and 31.5% fat). Both diets are equally adequate to maintain growth 
and health in rhesus monkeys. 

Procedures 

Fasting plasma glucose and insulin levels, and responses to an intra- 
venous glucose load, were determined for all monkeys, generally at 
6-month to 1-year intervals. All blood sampling and testing proce- 
dures were conducted following a consistent, strictly maintained 16-h 
overnight fast with a constant antecedent diet in order to minimize in- 
terexperimental variability. Ketamine hydrochloride was used for 
anaesthesia (10mg/kg body wt.), since our own observations have 
confirmed the reports of Kemnitz and Kraemer [4] and of Brady and 
Koritnik [5] that ketamine has no effect on the results of an intrave- 
nous glucose tolerance test. A peripheral intravenous catheter was 
placed, and four blood samples 3 rain apart were collected and 
pooled for measurement of fasting plasma insulin and glucose levels, 
a procedure necessitated by the known frequency of oscillations in 
basal plasma insulin levels in monkeys and in humans [6, 7]. 

Intravenous glucose tolerance tests (IVGTT) were conducted fol- 
lowing collection of the fasting, baseline samples. A 50% glucose solu- 
tion (13.9 mmol glucose per kg of body wt.) was infused intravenously 
over a 30-s period, and blood samples were then withdrawn at 1, 3, 5, 
10, 15, 20, 30, 45, and 60 min after the termination of the glucose bo- 
lus. Heparinized saline was infused between samples to maintain the 
patency of the intravenous catheter. All blood samples were immedi- 
ately transferred to chilled heparinized tubes, placed on ice, and then 
centrifuged at 20 °C. After separation of the plasma and erythrocytes, 
plasma samples were frozen for later assays. Percent body fat was de- 
termined by a tritiated water dilution method [8, 9]. 

Assays 

Plasma glucose levels were measured using either the glucose oxidase 
method with a glucose autoanalyzer (Beckman Instruments, Fuller- 
ton, Calif, USA) or the hexokinase and glucose-6-phosphate dehy- 
drogenase method of Slein [10.]. Plasma insulin levels were measured 
by a modification [11] of the double antibody radioimmunoassay of 
Morgan and Lazarow [12] using anti-pork insulin serum, 1125 labeled 
pork insulin as the tracer and human insulin as the standard. Rhesus 
monkey insulin has been shown to be identical to human insulin [13]. 

Statistical analysis 

The glucose disappearance rate (K~) was calculated using the time 
points between the 5 and 20 rain plasma glucose values during the 
IVGTT, a time period which corresponded to the period of linear fall 
in plasma glucose levels in these monkeys. 

The analysis of longitudinal data aimed at determining the time 
course of hormonal and metabolic changes presumed to be related to 
Type 2 diabetes mellitus was complicated by a number of factors. For 
example, the number, nature, and duration of the phases in the pro- 
gression to diabetes were unknown as were the ideal time intervals be- 
tween experiments. Also, among potentially useful variables, the rela- 
tive weighting or importance of each variable, particularly at various 
phases in the development of diabetes, was not known. Further, the 
rate of progression of individual monkeys through one or a series of 
phases was likely to vary between monkeys. Finally, the initial point at 
which each monkey was first studied was a random event relative to 
degree of progression of the disease process. Therefore, the following 
approach was used to analyze these data. 

First, a set of variables related to diabetes mellitus was identified 
for initial examination and analysis. These variables included age, 

body weight, fasting plasma glucose levels, fasting plasma insulin lev- 
els, and glucose disappearance rate (KG). 

The first and second phases were then identified, and both in- 
cluded only monkeys with fully normal insulin levels and glucose tol- 
erance responses. The first phase included all monkeys under the age 
of 10years, and all were lean. The second phase included monkeys 
over the age of 10years, both lean and obese, but otherwise normal. 
Because it was not known in advance how many phases might be 
identifiable or optimal, we defined further only the final phase as 
"overt diabetes" consistent with the criteria the National Diabetes 
Data Group [14] and the World Health Organization [15] for obesity- 
associated Type 2 diabetes. Phases between phase 2 and overt diabetes 
emerged from the data analysis as follows: Data sets composed of the 
previously noted variables were arrayed for each monkey in sequen- 
tial order from the earliest to the most recent set of data. These data 
sets were then used to determine the optimal number of phases on the 
basis of maximal homogeneity within phases. One way analysis of 
variance (ANOVA) was subsequently used to identify the differences 
across the phases for individual variables, and the significance of spe- 
cific differences was conservatively determined using Scheffe's con- 
trast method (Student's t-test) [16]. Regression analysis was used to 
assess the continuum of sequential changes across phases for selected 
variables, and partial correlation analyses were used to estimate the 
relationship between two variables after controlling for the effect of a 
third variable. 

Results 

Two monkeys were overtly diabetic at the initiation of 
this study, and seven monkeys progressed to overt dia- 
betes while under study. Fourteen additional monkeys 
have shown changes suggesting they are progressing 
toward diabetes. Five other obese monkeys have re- 
mained stable and shown no progression toward diabe- 
tes. The pattern of the progressive process is shown in 
Figure 1 for one monkey (Monkey W). This monkey 
was already hyperinsulinaemic, but normoglycaemic, at 
age 13, and became diabetic by age 17. Changes in fast- 
ing plasma glucose and insulin, and accompanying 
changes in body weight, are seen prior to and after the 
development of diabetes (designated Phase 8). 

Data analysis which maximized homogeneity of 
glucose tolerance and insulin data within phases, while 
maintaining the chronological sequence of observations 
within monkeys, led to the identification of 8 phases in 
the progression from normal lean young adult to Type 2 
diabetes. Observations falling into each phase were fur- 
ther analyzed in order to characterize the key features, 
which were found to differentiate a particular phase 
from its neighboring phases in this progressive process. 

Phase 1 included the 12 adult monkeys who were 
between the ages of 3 and 8.9 years. All were lean (per- 
cent body fat 4 to 16%) and ranged in weight from 5 to 
9.1 kg. All had normal fasting plasma glucose and insu- 
lin levels, and normal glucose disappearance rates as 
shown in Table 1. 

Twelve additional monkeys, ages 11.4 to 27,7 years, 
were identified initially as in phase 2. This phase in- 
cluded only observations from animals which, like 
those identified to be in phase 1, were entirely normal in 
fasting plasma glucose and insulin levels, and had a 
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normal K~ in response to an IVGTT (Table 1). They 
were defined as phase 2 because they differed in age 
from phase 1 (>  10 years). Monkeys with observations 
in phase 2 fell into one of two subgroups: middle-aged 
lean (8.4 to 9.3 kg) and middle-aged obese (11.1 to 
15.9 kg), Six of the 12 monkeys initially found to be in 
phase 2 have remained there. Thus, a total of 18 mon- 
keys remained in either phase I or phase 2 and are cur- 
rently normal by the measures included. (Only 3 other 
monkeys have shown no change of phase during our 
observations: :wo were already in the final phase (overt 
diabetes); the third has remained in one of the middle 
phases throughout the study.) 

Table 1 provides a summary of the numbers of mon- 
keys and the observations in each phase. All monkeys in 
phases 2 through 8 were over age 10. Age did not differ 
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Fig. 1. Changes in fasting plasma insulin and glucose levels and body 
weights of Monkey W during the progression to phase 8 (overt Type 2 
diabetes) 
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substantially over phases (e. g., age range 9.6-20.5 years 
for phases 3-5, and 12.2 to 21.3 for phases 6-8). The age 
at which monkeys first reached phase 8 (overt Type 2 
diabetes) ranged from 14.8 to 21.3 years. There was a 
slight negative relationship ( r = - 0 . 2 8 ;  p=0.08) be- 
tween age and glucose tolerance across the progression 
in obese monkeys progressing toward diabetes 
(phases 2 through 8). Age, however, accounted for only 
8% of the variance in KG. 

Mean body weight in phase 2 was more than 2 SD 
above the mean of phase 1. Body weight showed no 
change or only slight increases in phases 2 through 5, 
followed by gradual declines in phases 6 through 8 both 
within individual monkeys (Figure 2) and within the 
group as a whole (Table 1). Significant weight loss oc- 
curred in phase 8 during a period of exacerbated glycos- 
uria, prior to the initiation of insulin treatment. Percent 
body fat changed in parallel with changes in body 
weight (r=0.82; p<0.001) as reported previously [17]. 
Correlational analysis of percent body fat and glucose 
tolerance showed no significant relationship, whether 
analyzed across the progression with age held constant 
(r= -0.26;  p =  ns) or when comparing obese monkeys 
phases 2-6 or phases 6-8 (r=0.10, p - n s ;  r=0.10, 
p = ns respectively). While all monkeys who showed the 
progressive development of Type 2 diabetes were obese, 
some obese monkeys have shown no progression to- 
ward diabetes, remain in phase 2, and show fully nor- 
mal glucose tolerance. 

Details of the longitudinal nature of the progression 
of diabetes are evident in the data of seven individual 
monkeys shown by phase (Fig.2), and phase designa- 
tions have also been added to Figure 1 for monkey W, 
with data shown by age. The progressive rise and then 
fall in fasting plasma insulin, the very late rise in fasting 
plasma glucose, and the relatively late deterioration of 
I ~  are evident. This pattern is also evident in Table 1, 
which includes all data of all monkeys, whether or not 
they reached the overt diabetes phase. 

Table 1. Characteristics of monkeys in the pro ression of impaired glucose tolerance and Type 2 diabetes a 

Phases 1 2 3 4 5 6 7 8 

Monkeys (n) 

Age (years) 

Body weight (kg) 

Body fat (%) 

Fasting plasma 
glucose 

(mmol / I )  

Fasting plasma 
insulin (~tU/ml)  

Glucose 
disappearance 
rate (K~) 

12 

5.6 +-. 0.6 b 

(3.0 -- 8.9) 

6.3 4- 0.4 b 
(5.0 - 9.1) 

9 . 7 5 _ 2  b 

(4 - 16) 

3.7 :t: 0.1 
(3.2 - 4.2) 

42 4- 3.0 
(23 - 54) 

3.6 ± 0.2 
( 4 . 4 0 -  2.90) 

12 

15.9 ± 1.5 
(11.4 --27.7) 

13.2 4- 0.50 
(11.1 - 15.9) 

25.5 4- 2 d 
(22 - 29) 

3.8 _+ 0.1 
(3,2 - 4.2) 

50 + 4.2 
(23 --72)  

3,5 4- 0.2 
(4.16 - 2.69) 

13 

15.2 4- 0.7 
(10.6 - 20.1) 

16.1 4- 0.4 
(14.3 - 18.2) 

32.2 _+ 2 
(25 - 38) 

3.7 4- 0.1 
( 3 . 3 -  4.2) 

101 +_ 5.6 
(70 - 128) 

3.6 4- 0.2 
( 3 . 9 2 -  3.27) 

15 

15.0 + 0,7 
(9.6 - 19,6) 

17.4 + 0.9 b 
(13.7 - 28,4) 

34.7 4- 2 
(24 - 49) 

3.8 + 0.1 
( 3 . 3 -  4,2) 

I61 ± 7.2 b 
(127 --247) 

2.7 _+ 0.1 
(3.42-- 1.82) 

10 

15.3 ± 0.9 
(10.3 - 20.5) 

18.6 +_ 1.6 
(13.6 -- 31.7) 

35 4- 3 
(31 - 44) 

3.8 + 0.1 
( 3 . 4 -  4.4) 

311 + 25.6 b 
(207 - 443) 

2.5 -_4-_ 0.2 8 

( 3 . 2 7 -  1.28) 

6 

16.2 4- 0.8 
(14.3 - 19.6) 

17.5 ± 1.1 
(14.5 - 22.2) 

34.9 _+ 2 
(25 - 44) 

4.4 +_ 0.2 
( 3 , 7 -  4.9) 

415 _+ 84.28 
(195 - 7 7 7 )  

2.3 --+ 0.2 b 
(2.79-- 1.76) 

7 

16.7 ± 1.0 
(12.2 - 20.1) 

16.2 ~+ 1.0 
(12.5 - 19.6) 

e 

6.3 ± 0.6 b 
( 4 . 3 -  9.2) 

99 ± 12.6 
(57 --155) 

1.6 4- 0.1 b 
(2.07-- 1.24) 

7 

18.3 ~ 0.9 c 
(14.8 - 2 1 , 3 )  

14.7 4- 0.7 c 
(11.9 - 16.9) 

25.7 4- 3 
(18 - 3 0 )  

10.8 4- 1.1 b 
(8.0 - I6.2) 

45 4- 5.1 
(27 --63)  

1A ± 0.1 b 
( 1 . 4 7 -  0.78) 

~ Mean  + SE. b Si nificantly different from Phase 2 by A N O V A ;  p <  0.05. c Denotes age and weight at onset of  Phase 8. Current ages (because of  cases of long-standing diabetes) range from 
19.5 to 22.8 years, d Includes obese normal subjects only. Phase 2 lean subgroup: 8.78 4- 0.5 kg;  1 4 . 0 - 1 %  body  fat. e Data not available 
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Fig.2. Fasting plasma insulin and glucose levels, glucose disappear- 
ance rate (KG) in response to an intravenous glucose tolerance test, 
and body weight changes in subjects who became overtly diabetic 
(monkeys D, F, I, L, N, R, and W). Group data on young lean 
(phase 1) and older lean and obese monkeys (phase 2) (mean + SE) 
are shown for reference 

To summarize, the key variables which were found 
to differentiate the phases were as follows: Phases 1 and 
2 were defined apriorias less than or more than 10 years 
of age. 

Phase 3 included those observations showing the 
first detectable increase in fasting plasma insulin above 
those of phase 2, yet preceding the statistically signifi- 
cant increase in fasting plasma insulin found in phase 4 
(2< 0.05). Phase 3 could not be distinguished statistical- 
ly from phase 2 or 4. However, because monkeys were 
followed across time, we were able retrospectively, 
based on each monkey's individual transitions, to iden- 
tify the point at which there was a detectable increase. 

The principal determinant of phase 4 was a signifi- 
cant increase in fasting insulin of greater than 2 SD 
above the mean for phase 2 (p< 0.05). All insulin levels 
in phase 4 were greater than the highest insulin level ob- 

served in phase2. Fasting plasma glucose remained 
within normal range. 

Phase 5 was characterized as showing the further de- 
velopment of hyperinsulinaemia (minimum fasting 
plasma insulin > 2 SD above mean of phase 3). While 
the mean KG in phase 5 was statistically significantly 
decreased compared to phases I and 2 (p< 0.05), there 
remained some overlap in the ranges of I<26 across 
phases 1-5. Fasting plasma glucose levels remained 
normal. 

Further exacerbation of the hyperinsulinaemia was 
apparent in phase 6 (2 SD above the mean for phase 4). 
Phase 6 also showed the earliest change in fasting plas- 
ma glucose (detectable only by history in animals pro- 
gressing from phases 5 to 6 to 7). Most of the monkeys 
(83%) in phase 6 had fasting plasma glucose levels more 
than 1 SD above the mean of phase2; however, some 
showed entirely normal plasma glucose levels in 
phase 6. 

All I ~  values in phase 7 were significantly de- 
creased (2 SD below the mean of phase 2), and, for the 
first time, in phase 7 there was no overlap in range of 
K~ with those of phases 1 or 2. Fasting plasma insulin 
levels were highly variable (29% had returned to within 
normal range: phase 2 mean + 2 SD, while the remain- 
der had insulin levels as high as 155 ~tU/ml); however, 
all monkeys showed a decrease between phases 6 and 7. 
All fasting plasma glucose levels in phase 7 were at least 
1 SD above phase 2 normal levels, and the group mean 
plasma glucose for phase 7 was significantly higher 
than phase 2 (p< 0.05). 

Phase 8 showed a statistically significant rise in fast- 
ing plasma glucose (p<0.05), with all values >2  SD 
above the mean of phase 2. Furthermore, I ~  was signif- 
icantly and progressively decreased with all values less 
than 2 SD below the mean K~ for phase 4. Fasting plas- 
ma insulin levels were within the normal range, showing 
no difference from either phase I or 2, but were more 
than 2 SD below the levels of phase 6. All subjects 
showed decreases in fasting plasma insulin in the transi- 
tion from phase 7 to phase 8. Regression analysis of 
fasting plasma insulin levels in the subjects who were 
followed longitudinally from phases 3 to 6 showed a 
highly significant linear increase ( r= 0.74; p <  0.02) sim- 
ilar to that observed in the 42 subjects followed cross- 
sectionally (r--- 0.83; p <  0.001). Fasting plasma insulin 
levels and K~ were inversely correlated in phases 2 to 6 
( r = - 0 . 5 8 ;  p=0.003) and positively correlated in 
phases 6 to 8 ( r= 0.76; p =  0.002). 

The progressive changes in responses to an intrave- 
nous glucose tolerance test are summarized in Fig- 
ures 3 a and 3 b. Because of the progressive rise and then 
fall of insulin response across phases, these data were 
best shown by plotting phases 1 through 4 and phases 5 
through 8 in separate figures (Figs. 3 a, b), with phase 1 
repeated in Figure 3 b for reference only. 

In summary, 21 monkeys passed through 2 or more 
sequential phases leading toward the development of 
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diabetes, and seven of those monkeys have made the 
transition to overt Type 2 diabetes during this study. 
Analyses of these transitions have led to the character- 
ization of the changes in plasma glucose and insulin lev- 
els and glucose tolerance preceding overt Type 2 diabe- 
tes. 

Discussion 

The spontaneous Type 2 diabetes meUitus which devel- 
ops in some obese rhesu,; monkeys has previously been 
shown to be similar in clinical manifestations to Type 2 
diabetes in humans [1, 18]. The high incidence of Type 2 
diabetes in spontaneously obese monkeys has made 
possible our observations of its relatively rapid develop- 
ment and progression. Specifically, the prospective and 
cross-sectional study of 42 monkeys, 7 of which devel- 
oped overt Type 2 diabetes, and 14 of which have shown 
transitions which suggest; they are likely to become dia- 
betic, has clarified the sequence of events in the natural 
history of the disease, and has led to the tentative iden- 
tification of eight phases in this adult-onset obesity- 
associated disease process. 

No rhesus monkeys have been observed in our labo- 
ratory to show hyperglycaemia, glycosuria, impaired 
glucose tolerance, or ove, rt Type 2 diabetes prior to ap- 
proximately age 14 (middle age) or at body weights (at 

diabetes onset) of  less than 10 kg under free feeding 
condkions. 

Concerning the role of obesity per se, or degree of 
obesity, in the progression of Type 2 diabetes, we con- 
clude that obesity in the monkey appears to be a neces- 
sary but not a sufficient condition to the progressive de- 
velopment of adult-onset diabetes. While all monkeys 
were obese prior to the onset of  Type 2 diabetes, change 
in fat mass, as observed previously in humans [19], had 
little or no effect on the progression toward overt Type 2 
diabetes. Some obese monkeys have not shown signs of 
developing diabetes, despite similar degrees of obesity, 
duration of obesity, and ages to those who have become 
overtly diabetic. Similarly, Reaven et al. [201 and others 
[21, 22] have been unable to document a significant rela- 
tionship between degree of obesity and insulin action in 
humans. Whether weight reduction in obese monkeys 
prior to the onset of significant hyperinsulinaemia or 
prior to the onset of glucose intolerance can prevent the 
progression to diabetes must await further study. 

Neither diet nor environmental conditions differen- 
tiated those monkeys that became diabetic from those 
that did not, since all animals had been maintained un- 
der the same conditions. The role of genetics in the de- 
velopment of diabetes could not be determined, since 
these monkeys were unrelated and were not used for 
breeding. 

In the progression from normal to the overt diabetic 
state, the earliest change which we have to date been 
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able to detect was a slight and then progressive increase 
in fasting plasma insulin level. This observation pre- 
ceded any change in the fasting plasma glucose level or 
in the rate of glucose disappearance during an 1VGTT. 
In previous studies in humans [20, 23], "normal" sub- 
jects have generally been defined on the basis of normal 
glucose tolerance. Therefore, it is likely that so-called 
normal or control subjects, particularly obese normal 
subjects, may have had widely varying plasma insulin 
levels (e.g., might have included individuals ranging 
from phases 1 through 6), and thus might not have been 
truly normal (i. e., phases l or 2). Thus, hyperglycaemia 
and altered glucose tolerance cannot be used to indicate 
the onset of the processes leading to Type 2 diabetes, al- 
though they may be useful for epidemiological studies 
and for clinical treatment and prognostic purposes. 

These data from monkeys are congruent with what 
have heretofore been viewed as a highly diverse set of 
observations made in human subjects and often re- 
ferred to as the "heterogeneity" of diabetes. For exam- 
ple, the bimodality of fasting glucose observed in a pop- 
ulation study of Pima Indians [24] is precisely what 
would be anticipated if this group shows the same pro- 
gressive process in the development of Type 2 diabetes 
as we have observed in monkeys. That is, the transition- 
al phases (e.g., phases 6-7) are relatively rapid com- 
pared to the preceding period of normoglycaemia, and 
the final phase of diabetes which, once reached, lasts in- 
definitely. Thus, a bimodal cross-sectional sample dis- 
tribution for fasting plasma glucose would be expected. 
Other studies [25-271 have reported among humans a 
wide range of plasma insulin responses to glucose in 
subjects of different degrees of glucose tolerance, as we 
have shown in monkeys. Our data are also in agreement 
with the previous report that day-long circulating insu- 
lin levels are within normal limits in severely hypergly- 
caemic patients [281, since we commonly observed nor- 
moinsulinaemia in the advanced phase of diabetes in 
our monkeys. 

Further evidence of the variability in insulin levels 
as related to glucose tolerance was seen in our data in 
monkeys in the earlier phases of the progression show- 
ing an increased plasma insulin response as glucose tol- 
erance deteriorated (phases 2 through 6) followed by a 
marked decline in Ka concommitant with a decreased 
insulin secretion in the later phases of the progression 
(phases 6 through 8). 

Reaven and Olefsky [25] also reported patients with 
impaired glucose tolerance who had increased, normal, 
or lower insulin responses to glucose. We suggest that 
this variability may be equivalent to our phases 6 and 7, 
where the transition from high to low plasma insulin 
levels does not appear to be directly related to the 
changes in glucose tolerance; that is, the drop in plasma 
insulin levels preceded, was coincident with, or fol- 
lowed the most significant deterioration of glucose tol- 
erance. 

Weir [29] has posited that the small number of dia- 
betic subjects who had high insulin responses to an oral 
glucose challenge will eventually be recognized as hav- 
ing a separate disorder. The present data from monkeys 
suggest that those human subjects may eventually show 
a decline in insulin response, and may be shown to have 
been in a transitional period (phase 7 in our designa- 
tion) along the continuum progressing to marked hy- 
perglycaemia and diabetes. 

The similarities between our observations in mon- 
keys and previous reports in humans are further evident 
in studies of patients during the period immediately 
preceding the development of overt diabetes. For exam- 
ple, the 40patients (11.7%) of Kosaka et al. [30], who 
initially had fasting blood sugars of less than 7.8 retool/l, 
low insulin responses, and varying degrees of glucose 
tolerance, appear similar to some of our subjects in 
phase7. In other studies, e.g. Keen et al. [31] in a 
10-year follow-up, Kadowaki et al. [32] in a 5 to 12-year 
follow-up, and Sasaki et al. [33] in a 7-year follow-up, 
15%, 25% and 38.5% (respectively) of subjects with 
"borderline" diabetes progressed to overt Type 2 diabe- 
tes. Therefore, although some report that only a portion 
of patients with impaired glucose tolerance progress to 
diabetes [34], this observation may be related to the 
probable varying rate of progression and, for some indi- 
viduals, a very prolonged transition, rather than a true 
separation of impaired glucose tolerance from diabetes. 
The time course for such progression, a process which 
appears to take 3 to 6 years in rhesus monkeys, may take 
10 to 30 years or more in humans. 

In summary, these observations in monkeys suggest 
that the etiologic or pathogenic mechanisms of Type 2 
diabetes must be sought in proximity to the earliest de- 
tectable abnormality. It seems unlikely that the primary 
defect underlying the development of Type 2 diabetes is 
an absolute deficiency of insulin, although such a deft- 
ciency may be the proximate cause of the late deteriora- 
tion in glucose tolerance and the necessity to implement 
treatment. An early enhanced basal secretion of insulin 
could be evidence of the onset of the primary event, 
possibly a B cell or B-cell control abnormality. Alterna- 
tively, these observations may be evidence of an under- 
lying progressive development of insulin resistance or 
reduced sensitivity to the action of insulin in peripheral 
tissues with relative cellular glucopenia or of a subtle 
and undetectable increased glycaemia stimulating an 
enhanced B-cell output. Clearly, individuals must be 
studied prospectively from the point of not only normal 
glucose tolerance, but also normoinsulinaemia and nor- 
mal B-cell response, in order to identify the primary de- 
fect in the onset and progression of Type 2 diabetes, and 
potentially to enhance efforts directed toward early 
treatment and prevention. 
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